An effectual thermal management is a very important issue in a light emitting diode (LED) floodlight because its performance and reliability decrease significantly as the junction temperature increases. A cooling device free of moving parts is suitable for lighting with natural convection. A very large heat sink is combined with a relatively small light source in high-power LED floodlights with everlasting miniaturization of microelectronic systems and highly developed high-density packing technology. Pulsating heat pipes (PHPs) lead to a breakthrough solution for passive two-phase flow spreading of LEDs non-radiant heat in case of a high-density mounting device. PHPs have little influence of gravity direction (floodlight attitude), high heat spreading performance, high reliability for long-term use, lightweight, low cost, and ease of production. This paper describes closed loop 8-turn, ethanol-charged PHPs with radial channels. The experimentally investigated PHPs have dimensions of 200 mm × 200 mm × 3 mm with central heating using a diameter of 38 mm heater. A copper plate is covered with polycarbonate plate for visual observations. A time-strip image processing technique has been applied to the flow videos to extract qualitative details of flow regimes concerning the liquid/vapor interface dynamics. Radial channel flow and thermal oscillation characteristics have been discussed using time-strip technique, Fourier power spectrum and autocorrelation function. The U-shaped vapor oscillates in the cooling section. The wall temperature-time histories fluctuate non-periodically.
Introduction
A floodlight is one of the essential equipment for fire-fighting/rescue activities in the event of disasters. Until the 2000s, the most common type of floodlight was a metal-halide lamp. The luminous efficacy of white LEDs is improved year by year. To replace conventional lightings with LEDs is progressing in various fields. It is considered that the floodlights for disaster restoration activities will be replaced by LEDs in the near future. In the mid-2010s, 9 × 10 4 lm LED floodlights for a stadium were installed in Japan. For these LED floodlights, distributed light sources were mainly adopted. Although white LEDs efficiency is high to generate light, still about 70 % of the electrical energy is converted into heat in commercial packages (Sakamoto, 2009) . The life of LEDs decreases in an exponential function as the junction temperature increased. Thus, thermal management of LEDs has become a critical technology in high-power lightings to extend the life of white LEDs. The size of LED packages continues to decrease with technology advancement. In addition, the maximum value of electric power consumption (W) per unit base area (cm 2 ) of SMD-type (surface mounting device) LEDs is increasing. The light source of high-power floodlights exceeding 10 4 -10 5 lm could be realized by closely mounting many high-power SMD-type LEDs on a printed circuit board. In such a case, the light source also acts as the large heat source with a high heat flux. Because a very large heat sink is combined with a relatively small light source in high-power LED floodlights, the installation of a heat spreader is one of the most effective solutions against LED temperature increasing.
The following serves as an illustration of natural convective cooling for LEDs (Jeong et al., 2015) . Their numerical study proposed a cooling method that improved upon the poor ventilation and heat dissipation of a horizontal fin heat sink mounted on an LED module with natural convection. The LED module was composed of four LED chips (1 mm × 1 mm) on die-attaches, an aluminum nitride (AlN) substrate, and a base plate. The outer size of a heat sink is 100 mm × 100 mm × 12 mm. In general, the luminous efficacy decreases as the heat input and junction temperature increase. A very large heat sink is combined with a relatively small light source with natural convection in this way. To downsize the housing of LED lightings, forced convection is employed. The following is an example for general indoor lighting. LED replacement bulb is actively cooled by active synthetic jets (Song et al., 2012) . Synthetic jets are zero net mass flow devices that comprise a cavity or volume of air enclosed by a flexible structure and a small orifice through which air is forced. The structure is induced to deform periodically in a bending mode causing corresponding suction and expulsion of air through the orifice. It comprises two thin piezoelectric actuators separated by a compliant ring. Based on the proposed hierarchical model, the lumen maintenance was estimated to be 76 % after 50 000 h operations. In contrast, outdoor lighting is used 30 000 -60 000 h. Therefore, a maintenance free cooling device is required. In other words, a cooling device having no moving parts is suitable for outdoor lighting.
A pulsating heat pipe (PHP) is one of the low-cost passive thermal management solutions without any moving mechanical parts (Akachi, 1990) . PHP is composed of meandering tubes or channels in the plate charged with working fluid partially. The liquid is entrapped between the vapor plugs in the tubes or channels due to the dominance of surface tension forces. PHP is a heat transfer device with heating the U-sections at one end and simultaneously cooling the other end. There may be divided into four types: (a) closed-end (CEPHP), (b) closed-loop (CLPHP), (c) closed-loop with check valve, and (d) PHP with open ends (Zhang, Faghri, 2008) . The parallel PHPs have been an object of study for a long time. The following are notable examples. Maezawa et al. (1996) experimentally investigated water and R142b charged CEPHPs made of copper tube. The temperature oscillation does not have a specific periodic frequency. Its Fourier spectrum distribution is a broadband spectrum and has fluctuation of 1/f. The dimension of the strange attractor is finite and a fraction. It was confirmed that all of the temperature oscillations had chaotic characteristics and were governed by the non-periodic dynamic system. using proton radiography. Small bubbles whose diameters are less than 0.6 mm can be visualized. Miyazaki et al. (1997) proposed an analytical model of self-excited oscillation of pressure, in which reciprocal excitation between pressure oscillation and void fraction change is assumed. Nishio et al. (2002) classified types of flow into oscillatory flow and circulating flow in glass CLPHPs charged with water, ethanol and R141 and showed that the ratio of sensible heat transport to total heat transport for R141b was greater than 85 %. Suzuki (2003) studied copper CEPHPs containing water. At steady state, most of the measured wall temperatures on the tube surface fluctuated periodically. These fluctuations had specific peak frequencies, which increased from 1.3 to 2.0 Hz when the heat-transport rate increased from 150 to 250 W. Saeki et al. (2004) experimentally investigated glass CLPHPs filled with distilled water. Dominant frequency of the tube temperature variation is dependent on the circulating direction, according to wavelet analysis results. Its Fourier spectrum distribution is a continuous spectrum. Moreover, chaos analysis was applied to this temperature variation, and then it could be a chaotic variation in terms of attractor dimensions, Lyapnov exponents and trajectory. Hokazono et al. (2006) investigated copper CLPHPs with water as the working fluid. Wall temperature fluctuations were measured at fifteen points on adjacent three tubes. Detailed features of temperature fluctuations, such as autocorrelation functions and relationships between adjacent tubes, were examined. Sugimoto et al. (2010) visualized aluminum plate PHPs charged with n-butane by neutron radiography system. Image processing methods to show the vibration of the liquid column were developed. It was shown that the liquid columns were vibrated around the cooling area and supplied to the heating area. Lin et al. (2011) experimentally examined aluminum plate CLPHPs charged with acetone. A heat sink with a plate PHP was developed for LED cooling, thermal design power of which was 64 W. The result showed that the temperature of the LED significantly decreased while being cooled by natural convection when a plate PHP was used in LED heat sink. Incidentally, Tesla-type check valves were integrated into a flat-plate PHP in order to promote and sustain a desired circulatory flow to increase overall thermal performance (Thompson et al., 2011) . Using neutron radiography, gray-scale images capturing the internal flow behavior within two bottom-heated copper PHPs -one with Tesla-type valves and one without -both charged with water -were collected. It was found that circulation in the desired direction was promoted and that this promotion increased with heat input.
Implementation of Tesla-type check valves is a promising means for circulatory flow rectification within a PHP. Ogushi (2011) studied experimentally aluminum plate PHPs charged with butane. The heat transfer coefficient in the evaporator was around 1 500 W/(m 2 K) not depending on the heat flux and the heat transfer coefficient in the condenser was 200 -1 500 W/(m 2 K) depending on the heat flux. Hao et al. (2014) investigated the effects of superhydrophilic and hydrophilic surfaces on the heat transfer performance and slug motion for copper plate PHPs charged with deionized water. Experimental results showed that the surface wettability remarkably influenced the slug motion and thermal performance of PHPs. Karthikeyan et al. (2014) experimentally investigated copper CLPHPs with nonintrusive spatial and temporal measurement of tube wall temperature by high-resolution infrared thermography. The PHPs displays different flow behaviour, viz., no-flow, intermittent oscillatory flow, oscillatory flow with bulk circulation, with corresponding unique thermal performance. Ebrahimi et al. (2015) reported that a desired circulatory flow in aluminum flat-plate CLPHPs charged with ethanol were achieved by using the new idea of interconnecting channels to decrease flow resistance in one direction and increase the total heat transfer of fluid. Flow visualization indicated that interconnecting channels affect the flow regime and enhance flow circulation and heat transfer in PHP. A series of studies on thermo-hydrodynamics in a brass plate CLPHP were reported (Spinato, 2015a (Spinato, , 2015b (Spinato, , 2016 . The paper reported flow visualization experiments in a CLPHP-charged with R245fa-operating over a range of test conditions. Four distinct flow regimes were observed: low and high amplitude oscillation, oscillation with circulation and flow reversals, stable circulation. Each pattern shows a particular frequency spectrum, which is present in the temperature data, in the intensity profile of the time strip and in the motion of the liquid slug. Fumoto et al. (2016) investigated heat transfer characteristics of the copper tube CEPHPs using a self-rewetting fluid as working fluids. On the other hand, flow visualization tests were conducted by the use of PHPs that were made of Pyrex-glass tubes with the dimension of the copper tubes PHPs. The experimental results indicate that CEPHPs using self-rewetting fluid as working fluids can be observed anomalous liquid film behavior in adiabatic section. Especially, it was found that the liquid film was strong wavy when liquid slug moved to cooling section from heating section. The findings showed that the wavy liquid films and liquid slug behavior contributed to the thermal performance improvement. Little attention has been given to the radial channels-heat spreader. In recent years, there has been renewal of interest in radial channels. Hayashi et al. (2006) experimentally examined the forced oscillatory flow type heat spreader with radial channels. In addition, a numerical simulation using thermal network method was carried out to investigate the influence of the frequency and the tidal displacement of the oscillatory flow and the channel pattern on the thermal resistance. The heat spreader is a thin copper plate with thickness of 1.2 mm that contains a 0.8 mm square channel. The experimental results indicated that the surface temperature of the heat spreader is decreased by the forced oscillatory flow in the heat spreader. The heat spreader by the forced oscillatory flow, as we have mentioned before, has moving parts. In their recent study, Laun et al. (2015) investigated a radial flat-plate PHP heat spreader to study the effect of central heating on the heat transport capability in PHPs. Utilizing a high channel density and Tesla check valves, the investigated PHPs has dimensions of 100 mm × 100 mm × 2.5 mm with central heating using a 30 mm × 30 mm heater. However, the startup power required for PHPs heat spreader is much higher than typical PHP designs. When the input power increases, the amplitude of temperature oscillations decrease and the frequency increases.
Turning to theoretical analysis, the simplified design equation for a PHP can be expressed as (Khandekar et al., 2008) :
where F g , F tc , F sat , and F f indicate gravity force, the thermocapillary force, force due to saturation pressure difference between bubbles, and the frictional force, correspondingly. Although Eq. (1) is expressed as parallel tubes with uniform cross section, Kwon et al. (2014) extended Eq. (1) to dual-diameter (non-uniform) PHPs. If we assume that pressure loss at turn sections is insignificant, we can apply approximately Eq. (1) to describe the steady state radial PHPs. In contrast, much of difference between dynamics of parallel and radial PHPs is unclear. 
Nomenclature

Overview
Thermal management of modern electronics is the challenge of the day with LED chips packed closer together and the continuing decrease in the size of LED packages, heat flux levels continue to increase. Conventional heat sinks or spreaders become severely inadequate at these high levels of heat fluxes. As described before, a great deal of effort has been made on the parallel PHPs. What seems to be lacking, however, is the statics and plug/slug dynamics of the radial PHPs (Karimi et al., 2004) . We deal with the thermo-fluidic behavior of a closed loop flat plate PHPs with radial channels. Nevertheless, we are not concerned here with high-density channels (Laun et al., 2015) . Therefore, we employ a relatively simple channel arrangement. In chapter 4 experimental methods are described. The experimental results are shown in chapter 5. These are thermo-fluidic coupling and heat transfer characteristics. Finally, chapter 6 concludes the paper. Fig. 1 Experimental setup.
Experimentation
In current chapter, test rig and experimental procedure were described. An experimental apparatus was constructed to investigate steady state thermal performance as well as dynamics of thermo-fluidic transport phenomena. A flat plate PHP was partially filled with ethanol. To enhance pulsation, non-uniform cross sections (Fukuda et al., 2008) of the channel were employed.
Experimental setup
A schematic diagram of the test facility was indicated in Fig. 1 . The experimental setup comprised of a test section of heat spreader with the PHPs, cooling devices and a data acquisition system. The test section of heat spreader with the PHP illustrated in Fig. 2 . The plate was a copper plate (200 mm × 200 mm × 3 mm) machined with PHP channels. A polycarbonate plate (200 mm × 200 mm × 12 mm) for visual observations was tightly fastened by bolts. The PHP was sealed by a rubber gasket. The tested radial channel patterns are shown in Fig. 2 and 3 . The number of turns in the central section was eight. The cross sections of two neighboring PHP's channels are illustrated in Fig. 4 . The non-uniform PHP had eight square channels with a cross-section of 2 mm × 2 mm and eight rectangular channels with a cross-section of 1 mm × 2 mm. The non-uniform cross section shape enhances heat transfer due to an imbalanced capillary force. The inner hydraulic diameter must be small enough that surface tension forces dominate gravitational forces and distinct liquid slugs and vapor plugs can form shown in Eq. (2) (Zhang, Faghri, 2008) . Here, D hyd , ρ l , ρ v , g, σ denote hydraulic diameter of a channel, liquid density, vapor density, gravitational acceleration, and surface tension in that order. In this study, the working fluid: ethanol (purity, 99.5 vol%) was employed, because high-power LED floodlights are used under cold environment. In the next step, other working fluids (water, and so on) are planned to be tested, so the size of the cross section was designed as described before. Figure 3 shows the outline of the copper plate for heat transfer experiments. An electric film heater of 38 mm diameter to simulate LEDs was used as the heat source. The electric film heater was attached to the center of the heat spreader plate and supplied heat to the evaporation section. Heating power was varied by regulating voltage and current. Insulation material was installed beneath the copper plate in order to reduce heat loss to the environment. The heat spreader`s lower surface was attached to aluminum hollow square block by thermal interface material. The condensing section was cooled by running water at a temperature of 15 ± 2.0 C and flow rate of 4.6 ± 0.50 L/min. If we use a heat sink as a practical case, flow visualization is a sever task. In addition, the flow visualization with polycarbonate is observed through an acrylic window in case of a wind tunnel. The next best is a cooling block. The water temperature was selected in reference to room temperature for wintertime in this study. The PHP's inclination angle β was 0  (horizontal). Temperatures of the heat spreader were measured using OMEGA® type-K unsheathed fine gage thermocouples. The wire diameter was 0.08 mm. The response time was 0.015 sec. The sampling period was described in section 4.2. Accuracy of a data logger including thermocouples was ± 1.0 C. A total of six thermocouples was attached underneath the PHPs. T 1 -T 6 were the temperatures measured at each location as shown in Fig. 3 . The plate thickness was 0.5 mm at each measurement location. The temperature differences ∆T was calculated using T 1 and T 2 -T 6 according to Eq. (3). T c was the average temperature in the cooling section.
Experimental procedure and repeatability
In the fluid charging process illustrated in Fig. 5 , the PHP channels of the heat spreader plate was first evacuated by rotary vacuum pump (RP) and the working fluid was charged into the tubes of the charging system.
Before charging the working fluid, the non-condensable gas in the PHP was firstly evacuated though the charging hole illustrated in Fig. 2 , and then the degassed working fluid were charged from a glass bottle into the PHP channel. The charge ratio, defined as the ratio of the working fluid volume to the total inner channels volume (a design value) of the PHP, could be controlled to an accuracy of ± 1.0 % by the RP and valve operations, which assisted in discharging the excess fluid. The RP was started to generate a vacuum in the channels and valve 1 (V1) and valve 2 (V2) were opened. Then, V1 and V2 were closed and the RP was disconnected from the vacuum line. Following this V1 and V2 were opened and the working fluid was drawn slowly into the channels by the pressure difference. The charging fluid weight was measured with a precise electronic balance. The fluid charge ratio (CR) was 80 ± 1.0 % of the volume in the present study. The extremely narrow gaps were formed between 200 mm length copper and polycarbonate plates. Therefore we chose 80 vol% to fulfill the gaps with working fluid. The point is that CR in the channel is around 50 vol% in the present study. Just for information, the rubber sheet was not to be replaced at every run but to be repeatedly used several runs.
After the fluid charging process, the heat transfer experiments were conducted. The heat flux range was 4.3 × 10 4 -7.9 × 10 4 W/m 2 as input heat load ranged between 60 to 110 W in steps of 10 W. We performed two types of temperature measurement under continuous heating mode. One is steady heating temperature measurement; the other is temperature fluctuation measurement. First, sampling period of six thermocouples was 1.0 sec. Secondly, sampling period is 0.05 sec at T 1 and T 2 . The experiments were carried out in this manner and repeated twice for confirmation. Error analysis (Holman, 2001) showed the maximum uncertainties in the heat power input and the temperature difference were 0.66 % and 17 %, respectively.
Experimental results and discussion
So far, the study of the radial PHPs has been superficial. We discuss steady state heat transfer and dynamics of two-phase flow and wall temperature fluctuations in this chapter. Figure 6 indicates temperature difference between evaporation and condensation section as a function of heat power input (charged with ethanol, CR = 80 vol%). The temperature difference was averaged at the steady state. Temperature differences of a base plate (CR = 0 vol%) were also plotted in Fig. 6 for comparison. The temperature difference is seen to rise linearly with input heat power at 0 vol%. Pulsating/oscillating flow occurs in 90 -110 W. The upper heat power depends on the heat-resistant temperature of the polycarbonate plate. The temperature difference at 80 vol% is lower than that at 0 vol% at the same input heat power because of the plug/slug oscillations. The average temperature difference of PHP at 80 vol% charge ratio was 8.8 % lower than that at 0 vol% charge ratio. Heat spreading performance was investigated experimentally. A relatively simple channel arrangement was employed in present study. To decrease temperature difference, much still remains to be done, such as number of turns, working fluid effects. Generally, 2 K decrease leads to 10 % fall in failure rates of electronic devices according to the Arrhenius law. Effective heat transfer rate was calculated in Eq. (4). It is difference between ethanol-charged (Q in ) and uncharged (Q p ) heat transfer rate at the same temperature difference. Figure 7 represents effective heat transfer rate. The effective heat transfer rate increased due to complex behavior of thermo-fluidic transport phenomena described in section 5.2 and 5.3. Taking thermocouples arrangement and eight sets of channels into account, effective heat transfer rate per a set of channels is one eighth. If we assume the copper plate as a disk, effective heat transfer rate per unit angle is 0.82 -2.4 W/rad. These were time-averaged heat transfer characteristics in consequence of the pulsation/oscillation of vapor columns. The two-phase flow was observed through the polycarbonate plate on the copper plate. The captured 60 fps and 1 920 × 1 080 pixel resolution images were analyzed using ImageJ (Rasband, 1997) , (Schneider, 2012) . A video sequences processing technique was focused on a channel out of sixteen channels in straight section. A red rectangular frame in a left snapshot is a region of interest (ROI). The vapor-liquid interfaces of ethanol on the 1-pixel center axis of a 2 mm-width channel were paid attention. An image processing length was 70 mm. Digital images were enhanced contrast. Moreover, the images were processed 8-bit display. The time strip was then built by extracting the two-phase flow distribution along the channel centerline for each frame and plotting it as a function of time.
Heat transfer characteristics
p in eff Q Q Q   (4)
Flow visualization
First, a U-shaped vapor column was formed in the cooling turn section of parallel PHPs (Kitajima et al., 2002) . It was also observed that U-shaped vapor columns oscillated in the cooling sections at horizontal orientation as indicated in Fig. 8 (a) right. Top light gray region represents U-shaped vapor in the cooling section. Middle dark gray region shows liquid in the adiabatic section. Bottom light gray region indicates vapor column in the adiabatic and heating section. It seems like a V-shaped vapor column. These points direct attention to something else. The angle of turn section θ is lower than π rad in the type-radial heating section as presented in Tab. 1 right. Number of turns N is eight in present study. In contrast, the angle of turn section equals π rad in the type-parallel turn section as illustrated in Tab. 1 left. Snapshots of U-shaped and V-shaped vapor are shown in Fig. 9 and 10 correspondingly. These long Taylor bubbles were formed. And the Taylor bubbles were held in the turn sections. It may be caused by pressure drop at straight and turn sections, sudden enlargement and contraction (Collier et al., 1996) . It calls for further consideration. Let us now return to liquid/vapor oscillations. These oscillations have small amplitude at low input heat power. Especially, oscillations at the period from 0.6 to 1.2 sec are very small. It seems like a stopover phenomena (Jun et al., 2016) . In other words, it is the intermittent oscillatory flow. The U-shaped vapor and vapor column oscillate in the cooling and heating section, respectively. The U-shaped amplitude (approximately 3 mm) was smaller than the U-shaped half-length (roughly 20 mm) as illustrated in Fig. 8 (a) . The vapor column in the heating section does not extend to the cooling section. The time-averaged velocity is zero at each vapor/liquid interfaces. The interfaces are quasi-sine like oscillation waves. Secondly, vapor column moves slowly with oscillation as shown a black arrow at a slant in Fig. 8 (b) due to an increase input heat power. The direction is counter-clockwise (CCW) illustrated in Fig. 2 . The time-averaged velocity is not zero at each vapor/liquid interfaces. It may be worth pointing out in passing that. It is quite possible that quasi-clockwise (CW) flow will be induced in a right and left inverted cross section in Fig. 4 . Finally, Fig.8 (c) shows Taylor bubbles, or rather Taylor bubble train flow (Mehta et al., 2014) with high-amplitude oscillations as shown in dark gray region. Liquid slug-train was also formed in the channel as showed in light gray region. Taylor bubble train oscillated back and forth with high amplitude. The vapor column length was extended due to high input heat power. And the oscillation was complicated. The Taylor bubbles in the adiabatic section reached to the cooling section and conducted both sensible and latent heat. Therefore, the temperature differences were reduced as indicated in Fig. 6 
Temperature fluctuations
Figure 11 left and right show examples of temperature-time history at heating and cooling section in that order. The plate thickness was 0.5 mm at each thermocouple, as mentioned in section 4.1. Temperature increased as a function of input heat power (90, 100, 110 W). Temperature oscillations were measured at high heat load. The maximum amplitudes of temperature in the heating section were 0.2, 0.6, 0.9 C in ascending order. Similarly, the maximum amplitudes of temperature in the cooling section were 0.1, 0.1, 0.2 C in the same order. These values (T 2 ) were only advisory for comparison in present section. Growth of pulsation with increasing heat load can be seen.
The measured 30 000 data were divided into 14 parts every 2 048 points and analyzed using fast Fourier transform, and the 14 power spectra were smoothed. In this step, the window function was the hanning window. Its Fourier spectrum distribution is a broadband spectrum at each heat power input as illustrated in Fig. 12 . We also analyzed the difference between temperature at each time and time-averaged temperature, (T 1 -T 1,ave ) and (T 2 -T 2,ave ). Its Fourier spectrum distribution is a continuous spectrum. Maezawa et al. (1996) and Saeki et al. (2004) showed that its Fourier spectrum distribution of parallel PHPs is a continuous spectrum. Temperature frequency of 0.2 -6 Hz corresponded to Taylor bubble frequency as shown in Fig. 8 . In short, no dominant frequency was found from six results.
In the same way, the measured 30 000 data were divided into 14 parts every 2 048 points. Moreover, the 14-autocorrelation function was smoothed. The results were represented in Fig. 13 . The horizontal axis shows time lag. At low input heat power, the autocorrelation function is similar to non-periodic function one. Autocorrelation functions decreased as a function of lag. At high input heat power, autocorrelation functions fell right down to zero like random number one or white noise one. High-amplitude oscillation of two-phase flow, as indicated in Fig. 8 , caused random wall temperature. Pouryoussefi and Zhang (2016) showed that the autocorrelation function of type-parallel PHPs decreased with time. In addition, the autocorrelation values decrease faster in higher values of temperature difference.
Additional research is needed to analyze non-periodic temperature fluctuation. There is room for improvement on machining accuracy and sealing characteristics between two plates metal, polycarbonate.
Conclusions and outlook
We experimentally investigated time-averaged thermal performance, dynamic flow and heat transfer characteristics of an 8-turn copper-ethanol heat spreader with radial channels. It was observed that oscillation and quasi circulation (anti-clockwise) for the working fluid during steady operation can be different as a function of heat power input. To enhance oscillation, PHPs charged with an effective working fluid and geometric improved PHPs are future work.
The following concluding remarks can be made:
(1) It has been confirmed experimentally that U-shaped vapor columns oscillated in radial channel cooling sections at horizontal orientation. The cooling section is a kind of parallel turn section.
(2) The wall temperature-time histories fluctuate randomly because of liquid/vapor high-amplitude oscillation. Non-periodic oscillation is also shown with Fourier power spectrum and autocorrelation function at the heating section. 
